We perform a study on extended adiabatic potential energy curves of nearly 38 states of 1,3 Σ + , 1,3 Π and 1,3 Δ symmetries for the (SrNa) + ion, though only the ground and first two excited states are used for the study of scattering processes. Full Interaction Configuration (CI) calculations are carried out for this molecule using the pseudopotential approach. In this context, it is considered that two active electrons interact with the ionic cores and all single and double excitations were included in the CI calculations. A correction including the core-core electron interactions is also considered. Using the accurate potential energy data, the ground state scattering wave functions and cross sections are obtained for a wide range of energies. We find that, in order to get convergent results for the total scattering cross sections for energies of the order 1 K, one need to take into account at least 87 partial waves. In the low energy limit ( < 1 mK), elastic scattering cross sections exhibit Wigner law threshold law behavior while in the high energy limit the cross sections go as E -1/3 . A qualitative discussion about the possibility of forming the cold molecular ion by photoassociative spectroscopy is presented.
I. Introduction
Over the years, a great number of scientific explorations have taken place on the basis of particle-particle scattering establishing the fundamental nature of particles. With the development of laser cooling and trapping of neutral and ionic atoms, the translational motion of particles can now be slowed to the point where the effects of quantum statistics begin to affect the overall behavior of the gas, setting a new era in physics of cold particles has started. It is now possible for atoms to interact with one another for a long time during a collision event at an extremely low temperature. This allows one to investigate and understand the weak long-range forces that atoms exert on one another. Ion-atom scattering at low energy is important for a number of physical systems, such as cold plasmas, planetary atmospheres, interstellar clouds, etc. At ultralow temperatures, atom-atom and atom-ion scattering processes under central potentials converge to the limit of the lowest quantum mechanical partial wave, in which the dynamics of the system can usually be described in terms of the s-wave scattering length. Low temperature condition greatly simplifies the problem since it freezes both rotational and vibrational dynamics and reduces the number of contributing partial waves to a low-enough value that one can perform true quantum scattering calculations. Relying on these properties, one can investigate the possibilities of forming cold molecular ion by photoassociative spectroscopy and understand the laserinduced cold chemical reactions between atoms and ions. Gaining insight into the ion-atom interactions and scattering at ultra-low energy down to Wigner threshold law regime is important to understand charge transport [1] at low temperature, quantum reaction dynamics, polar ion physics [2] , ion-atom bound states [3] , ion-atom photoassociation [4] , etc. Several theoretical as well as experimental studies [5] of atom-ion cold collisions have been carried out in recent times. It is proposed that controlled ion-atom cold collision can be utilized for quantum information processes [6] .
Here we study cold collision of ion-atom systems. Our case is for alkali ion (A + ) and alkaline earth metal atom (B). Atomic mass of B is greater than that of A. The ground state In this paper, we present detailed results of potential energies, spectroscopic properties, dipole moments and scattering cross sections over a wide range of energies. The paper is organized in the following way.
II. Structure and spectroscopy of Sr + Na
II. 1. Method of calculation
The use of the pseudopotential method, for Sr 2+ and Na + cores in the SrNa + ionic molecule, reduce the number of active electrons to only one electron. We have used a core polarization potential V CPP for the simulation of the interaction between the polarizable Sr ++ and Na + cores with the valence electron. This core polarization potential is used according to the formulation of Muller et al [7] : Furthermore, an l-adjustable cut off radius has been optimized to reproduce the atomic ionization and the lowest energy levels: s, p, d and f. They are presented in tables 1 and 2.
For the Sr atom, we used a relatively large uncontracted Gaussian basis set 5s5p and 5s4d, which is sufficient to reproduce the involved neutral and ionic atomic levels. While for the Na atom, we used a (7s5p7d2f/6s5p5d 2f) GTOs basis set. We have considerably extended the used basis sets to permit a much wider exploration, particularly for the higher excited states. The used core polarizabilities for the Na 
II. 2. Potential energy curve and spectroscopic constants
We display in figures 1-6 the potential energy curves (PECs) for 1, 3 Generally, the knowledge of the spectroscopic constants guide experimentalists especially in the identification of new molecular species. In order to check the precision of our potential energy curves for the states previously studied, we have extracted the spectroscopic constants of the ground and low-lying states, which are reported in Table 3 and 4. They are compared with the available theoretical works of Aymar et al [9] [10] and Ben Hadj Ayed et al [11] . The reported spectroscopic constants are: the equilibrium distance R e , the well depth D e , the electronic excitation energy T e , harmonic frequency  e , the anharmonicity constant and definitive conclusions cannot be drawn.
To conclude, a general agreement is observed between the three calculations, which is not surprising as same techniques were used based on pseudopotentials and Interaction of
Configurations. However, a better agreement is seen between our work and that of Aymar et al [9] [10] for most of the electronic states. Detailed comparisons are presented in tables 3 and 4.
II. 3. Permanent and transition dipole moments
Comprehension of the dynamics of diatomic molecules at ultralow temperatures can be manipulated and controlled with the external static electric or non-resonant laser fields which couple with the permanent electric dipole moment and electric dipole polarizability, respectively [12, 13] and in order to realize absorption measurements of the rotational transitions the permanent dipole moment must exist. We note that the dipole moment is one of the most important parameters that determines the electric and optical properties of molecules. For these simple reasons, we calculated the adiabatic permanent dipole moments for a large and dense grid of internuclear distances. and for other symmetry. This will guide experimentalists and theorists who have similar interests about formation prediction of ionic alkali earth-alkali diatomic molecules. We start our discussion by the PDM (Permanent Dipole Moment). It is clear in figures 7-11 that the significant changes of the sign of the permanent dipole moment at small internuclear distances are due to change of the polarity in the molecule, going from the SrNa + structure for the positive sign to the Sr + Na structure for the negative sign. In addition, we remark the presence of many abrupt changes in the permanent dipole moments. This is very clear in Figure 7 , which shows the permanent dipole moment of the first ten states of 1 Σ + symmetry.
We remark that, for the short internuclear distances, the adiabatic permanent dipole moments vary smoothly and sometimes they exhibit some abrupt variations such as that figure 14 . The nature of transition is specified by the selection rules. These accurate transition dipole moments will be used in the near future to evaluate the radiative lifetimes.
III. Elastic collisions: Results and discussions

III. 1. Interaction potentials
The potential energy curves of the 1-3 1 Σ + electronic states, for the ionic system (SrNa) + are calculated for a large and dense grid of internuclear distances ranging from 4.5 to 200 a.u.
These states dissociate respectively into Na + + Sr(5s 2 ), Na(3s) + Sr + (5s), Na(3s) + Sr + (4d).
They are displayed in Fig.1 . We remark that the ground state has the deepest well compared to the 2 1 Σ + and 3 1 Σ + excited states. Their association energies are of the order of several 1000 cm -1 , which shows the electron delocalization and the formation of a real chemical bound. The spectroscopic properties of these states were discussed in detail in the previous section. Although interaction energy was calculated for a dense grid, analytical form at large and asymptotic limit is essential for the scattering calculations. In the long range where the separation r >20a 0 (a 0 is the Bohr radius), the potential is given by the sum of the dispersion terms, which in the leading order goes as 1/r 4 . We obtain short-range potentials by pseudopotential method. The short-range part is smoothly combined with the long-range part by spline to obtain the potential for the entire range. We then solve time-independent
Schrodinger equation for these potentials with scattering boundary conditions by Numerov- The characteristic energy scale for ion-atom system is at least two orders of magnitude smaller than neutral atom-atom collision. This is one of the reasons behind the challenges on reaching the s-wave scattering regime for ion-atom system than neutral atom-atom case.
Characteristic energy scale defines the height of the centrifugal barrier of the effective potential for p-wave ( 1 l  ). The position and height of the centrifugal barrier for 0 l  can be expressed as [18] Table 5 . We can see that the numerical data's are in excellent agreement with the theoretically predicted ones.
III. 2 Ion-atom scattering
To investigate the ion-atom scattering we have to obtain the continuum wave function   [19] to solve the second-order differential equation as described in previous articles Ref. [20] . We use FORTRAN code to find the wave functions by choosing appropriate boundary condition.
The asymptotic form of
Here r denotes the ion-atom separation, the wave number k is related to the collision energy E by
, μ is the reduced mass of the ion-atom pair and η l is the phase shift for l th partial wave.
In Fig. 18 one can notice that the asymptotic form i.e. sinusoidal oscillation of the ground swave scattering state is obtained at different interparticle separation for different collision energies. At lower energies i.e. at E = 0.1 K, 1 K the asymptotic form is achieved at about 50000 0 a and 25000 0 a , respectively. At higher collision energy, E = 1 mK the asymptotic form is reached at about 1500 0 a and at energy 1 K the particles shows free oscillation at a quite lower separation, r = 150 0 a . For calculating correct phase-shift or scattering length or cross-section data at a particular energy regime one must ensure that they safely reach into the asymptotic regime. The total elastic scattering cross section is expressed as
The barrier heights are low for the first three, i.e. l = 0, 1, 2 partial waves and hence allow tunneling of the wave function towards the inner region of the barriers. Therefore, we can say that at even low energy, a substantial number of partial waves are going to contribute at total scattering cross-section el  and the number increases as the energy increases. As an example for our system at lower collision energy  K we need only 2 partial waves for converging el  . For energy ~ mK we need as many as 20 partial waves to get a converging result, where for energy  0.1K we need as many as 70 partial waves to reach the convergence for (SrNa) + . So as energy increases more and more number of partial waves start to contribute in the total scattering cross-section, because the centrifugal barrier height corresponding a particular partial wave l is not too high compared to the collision energy and hence the partial waves can tunnel through the barrier and can contribute to the total elastic scattering cross-section. It is worth mentioning here that the centrifugal barrier height for the potential of atom-ion system is quite lower than that of atom-atom system. Thus, large number of partial waves contribute here. In Fig. 19 we plot the partial wave cross- Fig. 19 demonstrate this fact. We can see the s -wave scattering cross-section tends towards a constant value and it is necessary to go into ultra-low regime to show that it is independent of collision energy. Our numerical calculation faces restriction in calculating phase shift data lower than energy 10 -8 K. Hence we choose a different way to valid this point. The near threshold behavior of the elastic scattering phase shift for any partial wave l is described by the effective range expansion [21] , As energy increases beyond the Wigner threshold regime, the s-wave scattering length
shows a minimum at energy about 10 K, which may be related to the Ramsauer-Townsend effect as described in ref. [20] . At this minimum, the p-and d-wave elastic scattering crosssections are finite, hence one can explore p-wave and d-wave interaction at that corresponding energy (µK) regime.
In the Wigner threshold regime, hetero-nuclear ion-atom collisions are dominated by elastic scattering processes since the charge transfer reactions are highly suppressed in this energy regime. Furthermore, resonant charge transfer collisions do not arise in collision of an ion with an atom of different nucleus. In figure 21 we have plotted the total elastic scattering cross-section for the ground state 1 1 Σ + of (SrNa) + . At high energy limit, the total elastic scattering cross section can be expressed as [22] 
Conclusion and discussion
In this work, we have carried out a quantum ab initio calculation to illustrate the electronic Fig. 19 . The range of asymptotic regime of the ion-atom interaction for different collision energy is clearly shown in that figure. Then we calculate the scattering cross-section for different partial waves (l = 0, 1, 2) for the ground state of our system for a wide range of energies. In the low energy limit ( < 1 mK), elastic scattering cross sections exhibit Wigner law threshold behavior. We have calculated the scattering length for (SrNa) + ground state and it is 9522 0 a . We have also calculated the total elastic scattering crosssection and we find that, in order to get convergent results for the total scattering cross sections for energies of the order 1 K, one need to take into account at least 100 partial waves. In the high energy limit the total elastic cross section goes as E 
